Abstract: Adsorption of Triton X-100 (TX-100) on silica gel has been studied as a function of temperature (308-328 K) and composition for mixtures of water with ethanol or t-butanol. The adsorption capacity of silica gel for TX-100 decreases with increase in alcohol content. Adsorption isotherms of TX-100 on silica gel are four-region and were analyzed using the ARIAN (adsorption isotherm regional analysis) model. Data in regions 2, 3 and 4 were fitted to the Temkin, bilayer and reverse desorption isotherms, respectively. The results show that adsorption of TX-100 on silica gel in water and alcohol-water binary mixtures occurs mainly through formation of monolayer surface aggregates or low bilayer coverage.
Introduction
Surfactants are widely used industrially for detergency, foaming, emulsification, dispersion, and solubilization. Their extensive application has produced environmental pollution and problems in wastewater treatment plants [1, 2] . Among the techniques used for surfactant removal, biological degradation, ozonation and extraction are often costly and may create secondary pollution because of excessive use of chemicals [3, 4] . However, adsorption seems effective for surfactant removal, especially at low concentrations [5, 6] .
A typical surfactant adsorption isotherm on a solid/ liquid surface can be subdivided into four regions [7] . At low concentrations surfactant molecules adsorb individually and at higher concentrations they form small clusters on the surface. Surface aggregates including solloids (surface colloids) [8] , hemimicelles (monolayer aggregates), admicelles (incomplete bilayers and surface-adsorbed micelles), etc. form due to lateral interactions between hydrocarbon chains. They form above a particular surfactant concentration less than the critical micelle concentration (cmc) and increase until the surface is saturated with the hemimicelles or admicelles [8] [9] [10] [11] [12] .
Several models have been proposed for surfactant adsorption isotherms. These include "two-dimensional condensation" theory [13] , treating the adsorbed phase as a mixture of aggregates interacting via excluded volume interactions [14] , considering the nanostructure of cationic and nonanionic surface aggregates [15] , using the grand partition function [16] , the self-consistent field lattice theory [17] and a two-step model [18] .
Except for the last, the above models are either very complex or limited to only one type of adsorption isotherm. In this work, the results are examined by introducing a simple model called "adsorption isotherm regional analysis model" (ARIAN), Fig. 1 . It is used to study adsorption isotherms up to four regions.
In the ARIAN model, it is assumed that: (A) Different interactions may occur between adsorbate and adsorbent depending on the concentration range. The concentration range where each kind of interaction predominates is a "region" and data of various regions are interpreted by different adsorption isotherms.
(B) In each region, the surfactant concentration range that satisfies an adsorption isotherm or a plateau is called a "section". A region may include one or more sections. Sections are symbolized by capital letters.
(C) Region 1 obeys Henry's law and its slope is approximately one, meaning that adsorption increases linearly with concentration [7, 8] .
(D) Region 2, which starts from the hemimicelle concentration (abbreviated as hmc), includes only monolayer surface aggregate formation and can be studied by an appropriate isotherm.
(E) In region 3, admicelles and new surface clusters form. The starting third region concentration (stc) defines its beginning. These data are analyzed by the bilayer Eq. 7, and those derived from it (Eqs. 8 and 9). Equilibrium constants for surfactant monolayer or bilayer adsorption are obtained.
(F) This model can also be used for the adsorption of compounds such as dyes [19] and amino acids [20] which form molecular associations. At high concentrations, the third region is observed due to molecular association on the surface [20] [21] [22] .
(G) Region 4 starts from maximum adsorption capacity ( max q ) beginning at max c . This region is studied by the reverse desorption Eq. 11, whether it is a plateau or the curve slopes downward. Association of molecules other than surfactant may result in reverse desorption [20] . A number of isotherms from the literature [18, [23] [24] [25] [26] [27] [28] [29] [30] [31] were analyzed by the ARIAN model ( Table 1) . There was good agreement between the results obtained from the ARIAN model and those reported ( Table 2) .
As reported [23, 26] in examples 1-4 and 7-9, adsorption isotherms have been studied using the biLangmuir equation. The surfactant concentration ranges studied by a Langmuir and a Langmuir-type equation correspond to regions 2 and 3 in the ARIAN model, respectively.
Comparing the ARIAN and two-step models: (a) In the two-step model, it is assumed that below the hmc surfactants interact with the solid surface, and that above the hmc hydrophobic interactions between the adsorbed surfactant molecules occur. In this work, the adsorption of TX-100 on silica gel as a function of temperature and composition from waterethanol and water -t-butanol mixtures was examined using the ARIAN model. The paper focuses on regions 2, 3 and 4 of the adsorption isotherms.
Theory
Derivation of the ARIAN model, the bilayer isotherm (7) and the reverse desorption isotherm (11) was done by one of the authors, Babak Samiey.
Derivation of the bilayer isotherm
For surfactant adsorption over the concentration range stc -max c (region 3) a finite number of layers may form on the surface. Since BET theory allows formation of an unlimited number of layers [32, 33] 
For equilibrium of the primary layer its rates of formation and desorption must be equal:
where e c is the equilibrium surfactant concentration.
The condition for equilibrium of succeeding layers is
This condition may be expressed in terms of 0 N :
where
are the adsorption equilibrium constants of surfactant molecules in surface aggregates in all layers above the first. For n-layer adsorption, the total mass of adsorbed surfactants (m) and the adsorbed mass required to form complete monolayer coverage 
When the concentration exceeds the stc, surfactant aggregates with a local bilayer structure may be observed [35] [36] [37] . Assuming adsorption occurs mostly in the first and second layers and using Eqs. 
which is used for low bilayer coverage (abbreviated as LBC). On the other hand, if adsorption forms only a monolayer, Eq. 7 can be reduced to where Eq. 9 is a Langmuir-type equation.
Derivation of the reverse desorption isotherm
For four-region isotherms, in region 4 (c > c max ) either the adsorption remains constant and a plateau is observed or the adsorption decreases with concentration. In the ), providing the driving force for reverse desorption. Consistent with this interpretation, reverse desorption has not been observed in the gas phase, where micelles do not form [37] .
The concentration at which reverse desorption begins is the "starting reverse desorption concentration" (srd). We assume that a new micellar structure forms in solution at srd.
Surfactant molecules desorb as monomers [38] . Thus, the process is first-order in adsorbed surfactant, and the reverse desorption isotherm is given by 
where q srd is the equilibrium adsorption capacity at srd. Eq. 11 is called the "reverse desorption isotherm". If , is replaced by the free energy of molecular association ∆Gma.
Confirming that the driving force for reverse desorption is adsorbate association in solution: the hydrophobic binding between histidine molecules (example 25) [20] and the association of sodium caseinate in solution (example 26) [31] both result in reverse desorption in region 4.
Experimental Procedure

Materials
Polyoxyethylene (number of segments = 9.5) glycol tertoctylphenyl ether (Triton X-100 or TX-100), silica gel 60 for column chromatography (mean pore diameter 60 Ǻ), ethanol (>99.9%) and t-butanol (>99%) were purchased from Merck.
Methods
Twenty milliliters of TX-100 solution of different initial concentrations (0.2 -5 mM) was transferred to a series of 50 mL glass-stoppered bottles, each containing
No. Comments
1-4 and 7-9
Analysis by a bi-Langmuir equation.
5
Hemimicellization of TX-100 on ashless filter paper.
6
Hemimicellization of SME on alumina.
10
Formation of a bilayer of tryptophan on calcined hydroxyapatite via hydrophobic bonds between them.
11
Formation of a monolayer of tryptophan on hydroxyapatite.
12
Hemimicellization of SDS on polystyrene latex.
13
Adsorption of TX-100 on kaolin through hydrogen bonds between TX-100 ether groups and the surface OH.
14 Formation of a bilayer of 2.5R 12 -2VPQ oligomeric surfactant on silica.
15
Formation of a bilayer of 3.4R 12 -2VPQ oligomeric surfactant on silica.
16
Formation of a bilayer of 1RQ oligomeric surfactant on silica.
17
Hemimicellization of SDS on alumina.
18
Aggregation of DTAB on modified TiO 2 .
19
Adsorption of C12TMAB on surfactant-treated clay through hydrophobic interaction.
20
Formation of a C 12 TMAB bilayer on surfactant-treated limestone.
21
Formation of a MAMS bilayer on surfactant-treated limestone.
22
Formation of a C 12 Gemini bilayer on surfactant-treated sand.
and 24
Glucose oxidase and its modified form adsorb as a monolayer on polystyrene latex beads and aggregate adsorption is unlikely. Modified (dimeric) glucose oxidase adsorbs as monomers/dimers.
25
Formation of a monolayer of histidine molecules on calcined CaHAP. Due to hydrophobic binding between amino acid molecules in solution, the plot slopes downward.
26
Below the cmc, sodium caseinate monomers adsorb on the surface. Above the cmc, monomers will be preferentially included in the micelles and a maximum in the adsorption isotherm appears. 
Results and Discussion
Adsorption of TX-100
The relation between e q (mg g -1 ) and e c (M) has been studied by the Temkin [39] , Langmuir [40] , DubininRadushkevich [41] [42] [43] [44] , bilayer (Eqs. 8, 9), and reverse desorption (Eq. 11) isotherms. Fig. 2 shows the TX-100 adsorption isotherms on silica gel at 308-328 K. These adsorption isotherms are S-type, similar to those reported by Huang et al. [45] , Partyka et al. [46] , and Levitz et al. [47] . The silica gel used is mesoporous and adsorbs much more TX-100 than a non-porous surface such as filter paper [7, 48] .
Regions 2, 3 and 4 of adsorption isotherms were examined using the ARIAN model. In all solvent systems used the data of region 2 do not satisfy the Langmuir isotherm. In this region, binding constants of TX-100 to silica gel were calculated using the Temkin isotherm and the related thermodynamic parameters were obtained. Adsorption is slightly exothermic ( Table 3) . The positive S ∆ shows increased randomness at the solid/solution interface upon adsorption, which suggests that TX-100 replaces water previously adsorbed. These displaced molecules gain more translational entropy than is lost by the TX-100 molecules, resulting in increased randomness.
The mean adsorption energy (E), obtained from the Dubinin-Radushkevich equation, is small and approximately 4.3 kJ mol -1 , which indicates that TX-100 molecules are physically adsorbed on silica gel. For a solid surface with amphoteric surface acids such as SiOH (pK a = 6.8) [49] , the proximity of the rising part of the isotherms to the cmc is typical of a 'weak normal bond adsorption isotherm' [34] . The surface of silica gel is hydrophilic and adsorption of TX-100 in the first layer merely requires replacement of a silanolwater hydrogen bond by a silanol-ethoxy hydrogen bond [25] . Like polyethylene glycol, the ether oxygens act as hydrogen bond acceptors [45, 50] . As surface coverage increases, strong lateral interactions between neighboring hydrophobes probably lead to enhanced adsorption and the observed upturn in the adsorption isotherm [45] .
As seen in Table 4 , at all temperatures the stc values are around 0.29 mM, the cmc of TX-100 in water [45] .
In region 3 ( Table 4 ) bilayer formation is negligible at 308 K. With increasing temperature the values of K sa and x increase and formation of surface aggregates and bilayers are both endothermic. Bilayer formation has been explained [45, 51] . In region 4 at all temperatures the graph first plateaus and then gradually decreases ( Table 5 ). 
Effect of organic solvents
The effect of varying the ethanol or butanol content was studied at 308-328 K (Figs. 3 and 4) . In region 2, the mean adsorption energy (E) obtained from the DubininRadushkevich equation varies 1.7-4.3 kJ mol -1 . As seen in Table 3 H ∆ values for adsorption in region 2 become more negative and S ∆ values decrease with increasing alcohol content. In contrast to micelles in aqueous solution, the contact area between the water dipoles and the hydrophobic surfactant moieties in surface-bound aggregates is not always reduced to the minimum. In monolayered hemimicelles the surfactant tails form a "hydrophobic film" in contact with the equilibrium aqueous solution. Even in bilayered admicelles, the direct water-tail contact occurs along the hydrophobic perimeter of the aggregates [52] .
Some alcohol molecules may attach to such hydrophobic sites in the surfactant aggregates, particularly at small surface coverage where the aggregates are small and have a monolayer character. Other molecules can be also incorporated between the surfactant units of these aggregates. Since transfer of an alkyl chain from the aqueous phase to a hydrophobic site is expected to be exothermic, alcohol coadsorption increases the exothermic contribution to the enthalpy of displacement, as reported for adsorption of benzyldodecyldimethylammonium bromide onto spherosil from aqueous solutions containing 1-butanol or heptanol [53] . Thus, in region 3, K sa values decrease with increase in temperature and alcohol content and low bilayer coverage forms in most cases ( Table 4) . Addition of polar organic solvent makes the bulk phase a better solvent for the surfactant [54] . This would make hydrophobic tail transfer from the bulk phase into the micelles less favorable and the Gibbs energy of micellization ( mic G ∆ ) increases (becomes less negative), making micellization less spontaneous. This results in an increase in stc and a decrease in q max at each temperature ( Table 4) .
In region 4 of all isotherms, the plot gradually slopes downward ( Table 5) . At each temperature k rd values are approximately constant or rise with increasing alcohol content (4A or 4B).
Conclusion
Adsorption of TX-100 on silica gel decreases in mixtures of water with ethanol or t-butanol. The fourregion isotherms were analyzed using the ARIAN model. Binding constants in region 2 were obtained from the Temkin isotherm. In region 3, data fit a bilayer isotherm, Eqs. 8 or 9, which indicates that adsorption occurs mainly through formation of monolayer surface aggregates or low bilayer coverage. In region 4 of most isotherms desorption occurs and the plots slope 
